Abstract-In this paper, an asynchronous, multicarrier directsequence code-division multiple-access (DS-CDMA) array receiver is proposed based upon blind, composite channel vector estimation. Due to the fact that the combined effect of all received paths is estimated, the total number of paths can be greater than the number of antennas in the receiver array. Furthermore, the proposed approach is not limited by multipath coherency. The receiver is classified as an interference cancelling zero-forcing receiver, and multicarrier operation in a frequency-selective channel means that its performance can exceed that of a single-carrier array DS-CDMA. The effectiveness of the proposed approach, even in the presence of strong interference, is demonstrated by computer simulation studies.
direct-sequence (DS) CDMA systems [1] . If DS-CDMA signalling is used then path diversity is accessed by coherently combining temporally spread paths that arrive at the receiver [2] . Alternatively, for multicarrier systems where each baseband symbol is assigned to multiple subcarriers for parallel transmission, there is the opportunity to realize a multicarrier diversity gain if the fading processes associated with different subcarriers are not fully correlated. This situation will arise when subcarriers are sufficiently separated in frequency. Depending on the length of the delay spread, the diversity available with singlecarrier DS-CDMA may be inadequate, particularly for a channel with a typical decaying multipath intensity profile where longer delay paths contain relatively little power. An MC-DS-CDMA system operating within the same total bandwidth as the singlecarrier system can produce better performance, even though the order of diversity of the channel is the same in both cases. This is because the diversity gain actually obtained at the receiver can be greater for multicarrier signalling. It is noted that multicarrier operation reduces the number of resolvable paths in each subchannel but more power can be recovered from each resolvable path, as is properly supported by the theoretical work presented in [3] .
Much of the existing work on MC-DS-CDMA only considers narrowband subchannels. A consequence of this assumption is that each subchannel experiences flat fading, so the maximum order of diversity is limited to the total number of subcarriers. Furthermore, to achieve nonselective subchannels requires a sufficiently long chip interval relative to the delay spread of the channel. Such a restriction on the maximum chip rate places an upper limit on the symbol rate for the situation when a particular level of processing gain is required. The receiver described in [4] has a correlator for each subcarrier, and the outputs of the correlators are combined with a maximum ratio combiner. Consequently, diversity gain is realized without a RAKE receiving structure. Minimum mean square error (MMSE) detection of MC-DS-CDMA is considered in [5] which provides diversity while reducing the multiple access interference (MAI) due to the cochannel users. Furthermore, a blind MMSE receiver is proposed in [6] where subspace techniques are applied to estimate the required weight vector without the use of a training sequence.
If subchannels are permitted to be frequency-selective then there is no inherent limitation on the chip rate, and bit-error rate (BER) performance gains are possible. In [7] , MC-DS-CDMA is analyzed when each subchannel is subject to frequency-selective fading. Multipath is a source of path diversity, but it also creates intersubcarrier interference in the correlation receiver which increases the BER. The results given in [7] indi- cate that some delay spread is beneficial-the best performance is achieved when there is a balance between path and frequency diversity.
So far, single-antenna systems have been considered, however, antenna arrays can be used not only for MAI reduction, but also as a means to harness diversity from the spatial domain. Representative examples for single-carrier DS-CDMA are found in [8] [9] [10] [11] . The application of arrays to multicarrier CDMA has also received some attention. In [12] , MAI is partially suppressed in the spatial domain prior to detection. Code-filtering is used to estimate the beamformer weight vector, but interference is only reduced to the sidelobe level of the array pattern, rather than being completely nulled. Better results occur when processing is performed jointly in space and time, albeit with increased computational complexity. This is the case in [13] where multiuser detection significantly reduces the MAI, although channel information for all users is assumed to be available. A blind channel estimator is covered in [14] which utilizes a subspace method. However, the approach is limited by the assumption of frequency nonselective subchannels and restricts the array to be linear with a uniform element spacing.
Adaptive reception of MC-DS-CDMA with spatial diversity is explored in [15] , where a vector to reduce MAI, while combining contributions from different subcarriers, is found by taking the principle eigenvector of the received signal covariance matrix. The weight vector is calculated without knowledge of the channel or timing of the cochannel users. An alternative receiver is proposed in [16] where each subcarrier has a beamforming weight applied prior to diversity combination of the subcarriers, and a performance improvement over single-carrier DS-CDMA is reported. Both of these approaches use joint space-time processing, however, it is assumed that each subchannel experiences flat fading, which limits system performance.
In this paper, asynchronous MC-DS-CDMA for fading, multipath dispersive subcarrier channels is investigated. An array receiver is employed at the base station so that processing is performed jointly in the spatial, temporal and multicarrier domains, producing a significant performance enhancement. A blind, subspace technique is proposed which uses the concept of alternating projection to iteratively converge upon a reliable estimate for the composite channel vector of a particular user. The projection method has previously been applied for single-antenna DS-CDMA, but only for MAI suppression in single-path channels [17] . A blind zero-forcing receiver can be calculated using the channel information, which provides diversity reception and asymptotically complete MAI cancellation. Simulations confirm that the performance of the proposed system can exceed that of single-carrier array DS-CDMA.
The rest of the paper is organized as follows: In Section II, a comprehensive model is developed which is used in Section III, where the blind, composite channel vector estimator is derived and the receiver weight vector is discussed. In Section IV, computer simulations are presented to evaluate MC-DS-CDMA and demonstrate blind receiver performance. Finally, the paper is concluded in Section V.
II. SYSTEM MODEL
In this section, an asynchronous MC-DS-CDMA spatio-temporal array communication system subject to a frequency-selective channel is described, focussing on the uplink. The signal received at the base station array is modeled and shown to contain significant interference as well as components of the desired signal.
A. Transmitter
Consider the block diagram of a particular mobile transmitter in Fig. 1 . At point A, the th user produces a sequence of complex channel symbols according to the -ary modulation scheme to be employed, where is the number of points in the signal constellation. The channel symbols are denoted and have a rate of symbols per second. In this paper, quaternary phase shift keying (QPSK) is considered-each symbol being imparted with unit energy.
The channel symbol sequence is transformed into an impulse train at point B given by (1) where is the channel symbol period and is the delta function. Convolving this signal with one period of a pseudo-noise (PN) signal spreads the signal over a wider bandwidth, producing a baseband DS-CDMA signal at point C (2) In (2), a single period of the PN-signal for the th user is modeled by (3) where is the th user's PN-sequence of length chips and is a rectangular, chip pulse waveform of duration . Note that a short code system is being used, so the number of chips per symbol is equal to the length of the PN-sequence.
The DS-CDMA signal now modulates subcarriers, with the baseband frequency of the th subcarrier relative to the lowest subcarrier frequency being where , and the subcarrier separation is set to , . The modulated subcarriers are summed to produce the signal at point D which is then upconverted to the carrier frequency to produce the transmitted radio frequency signal at point E (4) in which is the transmitted power, is the carrier frequency, and is a random phase offset relative to the base station receiver. Complex notation is used throughout this paper, with the understanding that a quadrature modulator and demodulator are used in a practical implementation.
B. Channel Model
The radio channel for each subcarrier is assumed to be fading and multipath dispersive so that the array complex baseband channel impulse response for the th subcarrier, th path of the th user can be represented by (5) is the complex path coefficient which encompasses a random phase shift as well as fading. The magnitude of is typically modeled using a Rayleigh probability density function (pdf) for nonline of sight propagation.
is the path delay and will be the same for all subcarriers, for a particular path. The vector is the array manifold vector at a frequency of for a path arriving at an azimuth angle of . Without a loss of generality, the directional considerations are restricted to the -plane, so elevation has been ignored. The form of for an element array of isotropes is (6) where the vectors contain the antenna positions in meters using Cartesian coordinates, is a unit vector pointing in the direction , and is the speed of light.
In general, the parameters , , and can be assumed to be independent of time for symbols transmitted during the channel coherence time. For this case, the channel is assumed to be quasistationary.
C. Array Receiver Front End
At the base station antenna array the superimposed radio signals for all users, paths and subcarriers will be received.
mobile stations are considered, with the channel for the th user having a total of resolvable paths. After removal of the carrier the complex received signal vector at point F in Fig. 2 is (7) where has absorbed the complex factor , and represents complex additive white Gaussian noise (AWGN). The noise vector, assumed to be temporally and spatially uncorrelated, models isotropic noise.
The signal at point F is then discretized with a bank of samplers operating at a rate of where and is the oversampling factor. This implies that the delay is modeled as with and , where is the number of temporal samples per symbol. This means that the model can accommodate delays, , that lie within the range . The restriction is made to reduce the complexity of the rest of the modeling process but is not an inherent limitation of the system.
The samples pass into a bank of tapped delay lines of length . A long vector is formed at point G by concatenating the contents of the tapped delay lines for all antennas and reading the entries every symbol period (8) (9) This multicarrier space-time received signal vector contains the signals associated with the th (current) symbol, furthermore, contributions from the previous and next data symbols are present due to the lack of synchronization. A complete representation is given by (9) , in which is the Kronecker product and is discrete complex AWGN. The path coefficient, , has additionally absorbed which is the complex factor due to the fractional path delay, . Furthermore (10) is the temporal vector for the th subcarrier of the th user, for paths arriving with an integer delay of sample periods, with elements defined by (11) which contains the PN-code . In (9) , is a shift matrix which is used to represent the different multipath delays in a compact way. It is defined as
For example, if is applied to a column vector then it shifts the elements of the vector down by elements. Likewise, up-shifts the vector by elements.
The multicarrier spatio-temporal array (STAR) manifold vector for the th subcarrier, th path of the th user is now defined (13) This STAR manifold vector can be seen to depend entirely upon the th user's PN-code and the direction and delay of the th path for a particular subcarrier. The user code is already known at the receiver, conversely, the direction and delay parameters have to be estimated if they are required. Using this definition, can be written more compactly as (14) where the matrix has columns containing the multicarrier STAR manifold vectors . Furthermore (15) and the vector in (14) , contains the path coefficients . Taking user-1 as the desired user to be detected, the data vector can be split up into four factors (16) where is the wanted signal component and the intersymbol interference (ISI) and MAI are given by (17)
D. Linear Receiver Structure
At the input of the decision device (point H) in Fig. 2 a decision variable is observed by the application of the weight vector associated with user-1. This vector should be designed to suppress interference-whether it is MAI or ISI-while despreading and coherently combining energy from different paths and subcarriers. Additionally, the output noise power will be maintained at the same level as the input noise power. The decision variable for the th symbol of user-1 is (18) III. THEORETICAL FRAMEWORK The structure of the system model is now exploited for estimation of channel information from received blocks of data, without recourse to the use of training signals. Consequently, efficiency is maximized because a portion of the signalling time does not need to be allocated to training. The composite channel vector for the current symbol of the th user is defined as and contains all of the effects of the radio channel applied to symbol . The subspaces that contain this channel vector are important to our estimation approach. Specifically, two nonorthogonal subspaces will be identified under the constraint that the one-dimensional (1-D) subspace spanned by is the intersection of these two subspaces.
A. Subspace Constraints
One of the two constraint subspaces can be identified from the second-order statistics of described in (14) . By eigendecomposition of the covariance matrix, , the matrix is formed, which has the normalized signal eigenvectors as its columns, and is a basis for the signal subspace. In (14) , the term related to the current symbol for the th user is , where it is clear that the columns of are linearly combined by the vector of path coefficients , so that the contribution of to the signal subspace is only comprised of a single dimension. Therefore, the range space of contains all of the 1-D subspaces spanned by the composite channel vectors of all users, thus providing the following signal subspace constraint: (19) The matrix projector into the signal subspace is given by (20) since the columns of are orthonormal. In order to identify the second subspace constraint based on the code for the th user and the structure of the multicarrier signal, the code submatrix of the th subcarrier for paths arriving with an integer delay of is defined as
The overall code matrix for the th user is denoted and is created by concatenating all of the submatrices for and . Additionally, the composite array response subvector of the th subcarrier is (22) It should be noted that for any particular integer delay there may be no paths present, a single path, or multiple paths. The total composite array response vector for the th user, , is formed by stacking up all of the subvectors for and . Using the above definitions it is possible to represent the composite channel vector as (23) In (23), it is apparent that lies in the range space of so the columns of the matrix define the following code subspace constraint:
The operator that projects into this subspace is generated by (25) where the pseudoinverse operation is required because does not have full column rank. 1 
B. Estimation Algorithm and Convergence Issues
The approach proposed to estimate the composite channel vector applies the theorem of alternating projection to find the intersection of the two constraint subspaces [18] . Alternating projection is an iterative technique with strong convergence properties that can generally be applied when any two subspaces in a Hilbert space intersect. The theorem is explained in a more general context in [19] . The estimate will approximate up to a complex scaling factor, i.e., with . Formulating the alternating projection algorithm (26) with the initial guess arbitrarily chosen but nonzero. Convergence of the alternating projection algorithm is guaranteed. However, convergence alone does not ensure that the estimate of will indeed be a scaled version of the true vector. As previously mentioned, the condition for convergence to a unique solution is (27) which means that the two constraint subspaces only intersect at a line in the overall -dimensional observation space, i.e., dim . A necessary condition for (27) to hold is that the total number of linear equations equals or exceeds the number of unknowns minus one. The dimension of the left nullspace of the code constraint matrix indicates that it provides independent equations. Likewise, the subspace constraint provides a total of independent equations. This implies that the following inequality must be true (28) which can be ensured by increasing the number of antennas or subcarriers. Extensive simulation has shown that (27) does generally hold if (28) is obeyed, even for fully loaded systems.
An alternative procedure can be applied to avoid iterative estimation of the composite channel vector. As then , and (26) can be written as (29) The final estimate, , is equal to the eigenvector of matrix which has a corresponding eigenvalue of one. This direct method provides the required solution in a single step, but it may be more computationally complex than the iterative method in a practical implementation.
C. Weight Vector Construction
If user-1 is considered to be the desired user then the blind estimate of will facilitate the following multicarrier spatiotemporal (3D) RAKE receiver (30) where is a normalization factor. This weight vector performs maximum ratio combining by coherently combining all paths, for all subcarriers, of user-1. The 3D RAKE receiver is an extension of the standard spatio-temporal (2D) RAKE [8] but with an additional multicarrier dimension. It is also equivalent to the MC-RAKE of [3] extended to include spatial processing.
Such a weight vector maximizes the SNR criterion and is optimum when there is no interference. However, in a situation where there is significant interference, the performance of the 3D RAKE receiver is not satisfactory.
Additional estimation of all users composite channel vectors, , means that a more advanced blind receiver can be formulated which reduces MAI and ISI (31) The complement projection matrix projects the estimated composite channel vector for user-1 to be orthogonal to the subspace occupied by the MAI and ISI, i.e., the orthogonal complement of the subspace spanned by the columns of matrix . The estimated interference matrix is given by (32) where (33) To generate the complement projection matrix the following expression is used:
(34)
The receiver described by (31) is a multicarrier STAR zero-forcing receiver which maximizes the SIR criterion and provides (asymptotically) complete interference cancellation. Alternatively, the signal-to-noise-plus-interference ratio (SNIR) criterion can be maximized by using a MMSE receiver [20] . This receiver has slightly improved performance at low SNR but additionally requires estimation of the additive noise power. 2 The complete procedure for composite channel vector estimation and construction of the zero-forcing multicarrier space-time weight vector for user-1, is summarized in Table I and depicted graphically in Fig. 3 .
IV. SIMULATION STUDIES
In order to evaluate the performance of array MC-DS-CDMA and the proposed blind zero-forcing receiver, a number of computer simulations were executed. For all of the results presented in this section, Gold codes have been used for the PN-sequences. If an array is specified then it is a linear array with half wavelength antenna spacing. Differential QPSK modulation is utilized throughout, which suffers an approximate performance disadvantage of 2.3 dB at large when compared to coherent QPSK, but means that absolute carrier phase information is not required. No oversampling has been used, so the parameter was set equal to one. To compare fairly the performance of systems with different numbers of subcarriers the total signalling bandwidths must be equal. For all simulations the product is kept approximately equal to 60. This means that for the single-subcarrier case, Gold codes containing 63 chips are used; for two subcarrier systems, 31 chip Gold codes are used; and for four subcarrier systems, 15 chip Gold codes are used.
is evaluated at point H in Fig. 2 and can be expressed as (35) where is the covariance matrix of user-1, is the covariance matrix of the noise plus interference, and . Initially, we consider the case when there is perfect channel information available, which will provide an upper performance limit for the proposed blind receiver. Fig. 4 contains graphs of plotted against for various 3D RAKE and zero-forcing type receivers when there are 15 users, each subjected to a 3-path, dispersive channel. It is noted that in general additional resolvable paths will be present when the number of subcarriers are reduced. However, as supported by [3] , when there is a decaying multipath intensity profile only the initial strongest paths provide significant received power, so the longer delay but lower power (and less significant) paths have been ignored in these simulations. All paths were incident upon the array within a 120 sector, with the paths for each user clustered around a nominal user direction generated from a uniform pdf within this sector. The directions of the three paths for a particular user were then generated from a Gaussian pdf with a 10 standard deviation and a mean equal to the nominal user direction. Path delays were set by a uniform pdf in the range of 0 to s. The simulation was executed for 100 bursts of 1000 bits, with the fading coefficients changed for every burst. The path coefficients for different subcarriers were evaluated independently using a Rayleigh pdf, which is the ideal case in terms of diversity. This implies that the subcarrier separation is large relative to the channel coherence bandwidth, which can be ensured during system design. Note that partial correlation of the fading in the subchannels will produce some level of performance degradation, a situation which has been studied in [3] .
The results for the 3D RAKE receiver demonstrate that performance improves as the number of antennas in the base station array are increased, but the situation with regards to the number of subcarriers is less clear. It seems that the positive affect of multicarrier operation is negated by the increased interference. When the proposed receiver is used to cancel the interference, it becomes obvious that as the number of subcarriers increases then so does the . Clearly, MC-DS-CDMA can outper- form single carrier DS-CDMA, but the performance advantage is significant only if an interference cancelling receiver is used.
For a subset of the perfect channel information data, when a four element array is available, the BER versus energy per bit to noise spectral density ratio is plotted in Fig. 5 . The 3D RAKE receiver has an error floor which cannot be improved upon no matter how large the . This is because the saturates due to uncancelled interference. In contrast, the proposed receiver performs far better, demonstrating that interference is being removed, as well as the fading being countered by diversity combining.
When composite channel vector estimation is performed-to provide a completely blind solution to the reception problem-the proposed receiver against results, for the case of two subcarriers, 31 chip codes, and 15 users, are typified by those in Fig. 6(a) . The alternating projection algorithm was exited after the norm of the change between consecutive estimates dropped below dB, or if a maximum of 100 iterations had been reached.
When there are two or four antennas in the base station array, the performance of the completely blind receiver is very close to the situation when perfect channel information is assumed. However, for the single antenna case, the blind receiver is underperforming the ideal result by a significant margin. The reason for this is explained with the help of Fig. 6(b) where the magnitude of the correlation coefficient between the estimated and actual composite channel vector is plotted for the desired user during the estimation procedure for one of the data bursts, with all of the users having the same average power and a of 12 dB. It can be seen that when there are two or four antennas, very high correlation is achieved within 40 or 25 iterations, respectively. In contrast, when there is only a single antenna, the convergence is much slower, and after the maximum 100 iterations the correlation between the estimated and true composite channel vectors is not sufficiently close to unity. This means that the projection operation in the proposed receiver will be imperfect, therefore, some of the MAI and ISI is still present in the decision variable, and the will suffer accordingly. Permitting more iterations of the alternating projection algorithm will improve the channel estimate, but increasing the degrees of freedom so that convergence is accelerated (e.g., by using more antennas), is a better solution. Alternatively, the single step solution, by calculating an eigenvector of , could be used. The final set of results presented in Fig. 7 demonstrate the performance of the proposed receiver as a function of the number of users. The system parameters were: , , and , simulated at a of 16 dB. As the interference increases, the for the 3D RAKE receiver falls, but the proposed receiver has approximately constant regardless of the number of users. When the blind channel vector estimator is used the performance is almost the same as for the ideal case when perfect channel information is available, which demonstrates the estimator's ability to operate successfully even when there is significant interference. Applying (28) for this particular system indicates that a maximum of 81 active users may be present if the blind estimator is to be used. If this limit is exceeded then there are insufficient constraints to uniquely identify the 1-D subspace occupied by each user's composite channel vector, and in general the estimated vectors will not be equal to scaled versions of the true vectors.
V. CONCLUSION
In this paper, a MC-DS-CDMA communications system for mobile use has been carefully modeled, concentrating upon the uplink channel. The base station is equipped with an array of antennas so that spatial processing, together with temporal and multi-frequency processing, can be applied. Unlike most previous work existing in this area, a fully fading multipath channel for each subcarrier is considered, as opposed to a flat fading channel.
To facilitate completely blind reception, the alternating projection algorithm is applied in a new subspace based composite channel vector estimator. This estimator uses two constraint subspaces, namely the user code subspace and the received signal subspace, to identify the 1-D space occupied by the composite channel vector of the user of interest. The estimator is resistant to interference, so will converge to a reliable result even in situations when a conventional training signal based estimator would be overwhelmed by the MAI. Additionally, the estimator is not limited to identifying a maximum number of paths, because it estimates the composite channel, which is the superposition of all incident paths for a particular user. A further advantage is that the procedure does not require the array to be well calibrated, as the array manifold is not explicitly used in the processing. Finally, a blind zero-forcing type receiver is presented and simulation results indicate that the performance obtained is very close to that of a nonblind receiver with perfect channel information.
